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Bbls. Unit of measure, Barrels (42 gallons).
Bcf. Unit of measure, billion cubic feet.
De. Initial decline of the production decline forcast, (%).
Dmin. Terminal or ending decline of the production decline forecast, (%).
EUR. Estimated ultimate recovery.
Mcf. Unit of measure, thousand standard cubic feet.
MMcf. Unit of measure, million standard cubic feet.
NYMEX. The New York Mercantile Exchange.
Turbidites. Sea and ocean bottom deposits formed by underwater avalanches.
Upper Devonian. A period of time from 345-395 million years ago.
WVGES. West Virginia Geological and Economic Survey.
INTRODUCTION
The Upper Devonian play in the Appalachian Basin has potential for additional drilling due to the lack of development and production from the formations below the Venago Group. From my experience, the wells producing from the Bradford and Elk Group, (see Figure 1 ) have had inconsistent results with production from wells in the same region. Most gas wells which are completed in low permeability formations of the Appalachian Basin, such as the Benson formation, require stimulation to achieve commercial production. Hydraulic fracturing treatments have become a common practice for enhancing the production from the wells of various potential. The ability of a fracture to achieve increased production depends on the size and real extent of fracture. It is often difficult to determine the fracture shape, dimensions, conductivity and the manner the fractures propagate in the subsurface strata due to lack of in-situ rock properties and stress field. As a result, the ability to optimize treatment designs and economics is often limited to selecting the appropriate types of fluids and additives, total volume of fluids, amount and size of the proppant, and injection schedule. 1 Although the stimulation treatments have enhanced the production from the low permeability formations in the Appalachian Basin, it is uncertain that the treatments represent the optimum designs. Previous investigations 2 have revealed that the optimization of treatment designs can further improve economic production. It is therefore necessary to evaluate the impact of the stimulation treatments on EUR and the degree of improvement that can be achieved through optimization. More specifically, the objective of this study is to identify the stimulation treatment parameters that had the greatest impact on production and EUR and to place an economic value on them.
BACKGROUND AND LITERATURE REVIEW
Geological Overview
The Devonian section of interest contains the strata in the Bradford Play from the base of the Benson to the base of the Warren Shale Marker. The thickness of this package changes across northern West Virginia, being thicker to the east. The entire section is composed of deep water turbidities and shelf deposits of finer-grained sediments. These sediments were transported during the building of the Catskill Delta as a result of the Arcadian Orogeny. 3 The focus of this study is the Benson Sandstone but a short discussion of the overlying strata is also validated. There are numerous driller's targets and reservoirs in the section of interest including the Benson, Riley, Balltown, and Speechley in order of deposition, (see Figure 1 ). Because the study area encompasses most of north-central West Virginia, these reservoirs are not always present in all wells and may have slight depositional and lithologic changes. The Benson was first described in the JW Benson (Hope #3612) well in 1914. 4 The well was drilled as part of Hope Natural Gas deep drilling program in Barbour County. At that time, most drilling was focused on the Gantz and Fifth
Sand. The zone produced 163 Mcfd natural with rock pressures exceeding 1800 psi. The
Benson Sand/Siltstone is interpreted and mapped as a stacked system of turbidites that were confined into distinct channels. These trends are mapped in the dip direction of ESE to WNW. This is different than the overlying shelf strata, which is typically oriented in the strike direction. The channels can extend in aerial length up to 30 miles and be as narrow as a few thousand feet. The thickness and sand/siltstone percentages are typically higher in the central axis of each channel and decrease towards the channel's limits into the seafloor shales. The higher sand percentages lend themselves to higher porosity and permeability values. It is also important to note that as the Benson thins it also becomes less developed to the west.
The source area for the Benson was located to the eastern Catskill Delta complex fed from the erosion of the Acadian Mountains. 5 As storms would trigger turbidity currents, sediment would be transported down slope into deeper water. Naturally because of density differences, the heavier sand grains would quickly drop out of water suspension and the finer-grained silts and mud would remain in suspension and travel further offshore. 
LITERATURE REVIEW
Hydraulic fracturing is performed in thousands of wells each year in the United
States to increase the production of oil and gas from these wells. Stimulation of oil and gas wells was first used in the United States in 1947 6 and is very critical to the production of oil and gas. The United States has an abundant supply of natural gas and it is estimated that 80% of the natural gas wells drilling over the next decade in the US will need hydraulic fracturing to be commercially economic.
Hydraulic fracturing is a very complicated and technical process but can be simplified by this description from Wikipedia: When applied to stimulation of oil/gas wells, the objective of hydraulic fracturing is to increase the amount of exposure a well has to the surrounding formation and to provide a conductive channel through which the fluid can flow easily to the well. A hydraulic fracture is formed by pumping a fracturing fluid into the well bore at a rate sufficient to increase the pressure down hole to a value in excess of the fracture gradient of the formation rock. The pressure then causes the formation to crack which allows the fracturing fluid to enter and extend the crack further into the formation. In order to keep this fracture open after the injection stops, a solid proppant is added to the fracture fluid. The proppant, which is commonly a sieved round sand, is carried into the fracture. This sand is chosen to be higher in permeability than the surrounding formation and the propped hydraulic fracture then becomes a high permeability conduit through which the formation fluids can be produced back to the well. with gross thickness that can exceed 3000 feet, it is classified as a tight gas sand. It was found that unpropped fractures from split core retain some conductivity at low stress.
However, at stress above 3,000 psi, these fractures were observed to heal and provide essentially zero flow capacity. 8 From this test data it indicates that if a fracture network is created during stimulation of the formations and a propping agent is not placed adequately throughout the fracture, then gas production gains due to more injection fluid used during stimulation could be short term.
In West Virginia, research has been done on the optimization of hydraulic fracturing in the Big Injun formation. The Big Injun formation is a fluvial-deltaic sandstone with gross thickness usually in the 20-50 feet range. It is considered a tight gas sandstone and requires hydraulic fracturing to be an economic play. Research that was done by K. Aminian 9 in 1988 on the Big Injun formation was investigated. The information that was gathered from his research was a group of eight wells with a minimum of ten years of production and the stimulation parameters used during completion. See Table 1 . For compiled data from the Big Injun study in 1988.
Table 1. Properties from 1988 Big Injun Study
When the data was plotted and investigated for correlation between production and stimulation parameters using all data, no strong correlation were found. What was noticed is that two data points (Wells 5 and 6), appeared to be outliers on all the graphs. One well had the thinnest net pay and the other had the thickest net pay, also some of the data appeared to be skeptical, such as porosity and permeability. Well 6 had 430% greater permeability than the average of all the other wells. With wells 5 and 6 removed from the graphs the best correlation that was found between production and stimulation parameters was with Total Proppant used, see Figure 2 . From Figure 2 . a strong correlation between production and total proppant can be made at around an 85% confidence level. When 10 year cumulative production was used almost identical results were found.
Chapter 3 METHODOLOGY
To describe the methodology used in this study a list of steps or outline was followed throughout the research:
1. Define Problem Statement: How the stimulation treatment parameters effect the production or EUR of the Upper Devonian formations in the Appalachian basin.
2. Study Area: Find a study area that contains a sufficient number of wells with the formation of interest.
3. Data Collection: Collect all relevant data pertaining to production, completion, formation, and stimulation.
Data Analysis:
With all data collected in Excel spreadsheets, plots were made between production and all stimulation parameters to find best correlations.
5 Production History Analysis: Aries was primarily used to find the decline curve parameter which were used for the economic portion of the study. Fekete was also used to verify EURs and investigate permeability, skin, and drainage area 6. Economic Analysis: All economic analysis was based on results from data analysis and production history analysis and performed using Aries software.
STUDY AREA
Most wells that produce from the Upper Devonian section in the Appalachian Basin have multi-zone completion and comingled production. As a result, it is difficult to find a good study group. When looking for a study area and well sample group, it was found the Benson sand/siltstone formation is often completed as a single zone. The focus of this study is the Benson Sandstone which is productive in North Central West Virginia as illustrated in The production records, mainly 5-year and 10-year cumulative productions, were obtained from Dominion Aries Database. The EURs were also collected from the same Aries Database. The collected information was then compiled in Excel spreadsheet for further study. See Table 2 , which is a spreadsheet of all data compiled from Area III, to help illustrate all of the variables investigated in this study. The stimulation treatment fluid type for most of the wells was linear gelled water at 44%, then foam at 34% and the remaining 22% were water with nitrogen assist. The average pump rate and shots per foot did not seem to have enough variance to be a factor in the study. The average pump rate from all the data available was found to be 22.1 bpm pump rate and the range was from 18-26 bpm. The size of the perforations was only available on a few of the wells and the shots per foot ranged from 1-3 shots per foot. The relationship between cumulative production (or EUR) and all variables of the stimulation procedure were investigated.
Data Analysis
With some of the data collected and compiled into Microsoft Excel the 5 year cumulative gas production per Foot of Pay vs all individual stimulation parameters was plotted to try and find correlations. Then 5 year cumulative gas production was plotted vs
Feet of pay to find if correlation exists. Knowing that feet of pay had no correlation to 5 year cumulative production, then 5 year cumulative production vs all the stimulation parameters independently were plotted and found some correlations with total liquid injected and also a better correlation with total proppant placed.
With all data compiled and individual study areas divided, again 5 year and also 10 year cumulative production was plotted vs all the stimulation parameters for just Area I, and total liquid injected and total proppant had the best correlation to production. EUR was then plotted vs total liquid injected and total proppant with very similar results found as cumulative production. The decision to use EUR instead of cumulative production for the rest of the study was made due to the way Aries calculates the rate of return for the investment of a well. Now the focus of the study was on EUR vs total proppant and total injection fluid because they both had the best correlation and also on EUR vs feet of pay because no correlation was found and this was surprising. It was expected that feet of pay would have a direct correlation to production and EUR.
After results of the analysis of Area I, the primary focus of the study was on EUR vs total proppant placed during stimulation for the other 3 study areas and also the Total Study
Area. The results can be seen in the Results portion of the paper.
Production History Analysis
Production history analysis was performed using Aries and Fekete RTA software.
All data needed for analysis was supplied by the operator and compiled into a database.
Aries was the primary tool used to get EURs and decline curve parameters. Fekete was used to verify the EURs and also investigate some of the reservoir properties, such as permeability, skin, and also drainage area. The results were then used in the economic portion of the research.
Economic Analysis
To perform an economic analysis, the well costs were necessary for all scenarios. A current average well depth of 5,260 feet was used for cost estimates. The estimate was supplied by the operator and is a total cost excluding stimulation, ready to turn in line. The stimulation cost for Hydraulic water frac, mimicking the jobs done in the study were supplied by a service provider in the Appalachian Basin. The job costs were estimated based on total proppant placed from 30,000 Lbs to 120,000 Lbs and the injection fluid volume need to adequately place this volume of sand. Table 3 summarizes the total well cost with different amount of proppant placed. Table 4 is a breakdown of all the cost associated with drilling a well ready to turn in line, excluding stimulation cost. Table 5 .
Stimulation Cost Estimates
With all data analyzed, production decline parameters available, and costs estimated, Aries is used to perform the economic analysis based on the stimulation variable that had the greatest impact on production or EUR.
RESULTS AND DISCUSION
Production vs Liquid Volume
The first parameter that was studied independently with EUR or production was total liquid volume injected. It is reasonable to assume that the total liquid volume has some impact on the production and EUR. A plot of cumulative production against total liquid volume injected for Area I is illustrated in Figure 5 . Although, there appears a relationship may exist between the two variables, a significant correlation does not exist. Indeed, no significant correlation can be obtained in any of the four areas.
Production vs Total Proppant
The main variable that was studied is total proppant placed during stimulation.
Reasonable correlations between EUR or 5-year and 10-year cumulative productions and total proppant placed were found in all four areas. Plots of EUR against total proppant placed for all four areas as well as the total study area (all the wells in the four areas) are illustrated in Figures 6 through 10 . Finally, the relationship between total liquid and total proppant was investigated. It is believed to place more proppant, more liquid volume may be necessary. A plot of total proppant placed against total liquid volume injected for Area I is illustrated in Figure 11 . It appears from Figure 11 that a relationship between total liquid and total proppant is present but again it is not significant.
Based on the results it appears that total amount of proppant placed has the greatest impact on cumulative production and EUR. If all other variables were kept constant and only the total amount of proppant was changed, the EUR of a well could be predicted based on developed correlations for different areas. The same analysis of 3 wells in Area II was also performed using Fekete and results are in Table 7 . It is interesting to note the type curve analysis indicated that the permeability for Area I, Wells 1, 2 and 3 are 0.13-0.16 milidarcy and for Area II, wells 1, 2, and 3 are 0.08-0.09 milidarcy. These very low permeability values might explain why cumulative production (and EUR) would have much less dependency on pay thickness than on proppant placed. Core samples were found in the records from the operator for 2 of the wells that were chosen to perform production analysis using Fekete to help support the finding. From the core data the permeabilities found using Fekete matched very closely. Also the EURs using Fekete software was a match to the EURs from Aries decline curve analysis.
Furthermore, the analysis of the production history using Fekete software, indicates that in Area I, the drainage area for Well 2 is 61 percent greater than Well 1 and Well 3 is 350 percent greater. Area II Well 2 drainage area is 170 percent greater than Well 1 and Well 3 is 440 percent greater. In Area I when proppant was increased by 42%, the drainage area was increased by 61%, when the proppant was increased by 122%, the drainage area was increased by 350%. In Area II when proppant was increased by 50%, the drainage area was increased by 170%, when the proppant was increased by 110%, the drainage area was increased by 440%.
This indicates that increasing the total proppant placed during stimulation not only increases production and EUR but also decreases the number of wells needed to effectively drain the reservoir. See Table 6 
Economics
To come up with a typical well, both Area I and the Total Study Area were considered. Area I was selected because it had the lowest average production and would represent the most conservative scenario for economic analysis. The total study area was 
